Introduction
Thermal plasma has advantages such as clean energy, good controllability, high power density and so on. Therefore, it has been applied to the steel industry. Its main applications are heat source of iron ore reduction [1] [2] [3] and a molten metal in a tudish, salvage of valuable metals from the dust generated in a steel plant. 4) A DC plasma heating technique of molten steel in a tundish to keep it proper temperature during continuous casting operation has been developed in Japan, 5) and an AC plasma is also utilized for heating source of molten steel. 6) Reduction of required flux amount and required time for slag modification has been achieved using the plasma in the secondary refining. 7) Surface quality improvement of rolls used in the steel industry by plasma spraying enhances their reliability and lifetime. 8, 9) Oxide on a steel surface can be rapidly removed by applying the thermal plasma. 10) For these processes, precise control of the plasma is requested for high efficiency and for high-quality products. Because the plasma is electrically conductive fluid, a magnetic field is one of the powerful tools to control its behavior under non-contact operation. Therefore, investigations to control the plasma using the magnetic field have been done. For example, Schlitz et al. evaluated the effect of the DC magnetic field on the plasma behavior through a numerical calculation.
11) Karasik et al.
investigated a plasma behavior under the alternating magnetic field by an experimental work and a mathematical modeling. 12) In these researches, the direction of the magnetic field is perpendicular to the plasma arc current.
In this investigation, a DC transferred plasma arc behavior has been investigated under the imposition of an alternating magnetic field whose direction is perpendicular or parallel to the plasma arc current. And the effect of the magnetic field frequency and the magnetic field direction on the plasma behavior has been clarified.
Experiment

Experimental Procedure
A Transferred DC plasma arc is excited between a copper block of 100 · 200 · 30 mm used as an anode and a plasma torch (Weld Craft · WP-17), and their distance is kept at 40 mm as shown in Fig. 1 . The argon gas flow rate for the plasma is 20 L/min, and the plasma arc current is 50 A, respectively. A two turn elliptical copper coil of 180 mm · 70 mm is located at the one end of the copper block, and an alternating current is imposed on this coil for the magnetic field excitation. The frequency range of the alternating magnetic field is between 5 Hz and 2 000 Hz, and the magnitude of the magnetic field at the center of the two turn coil is 14 mT, respectively. May 9, 2007 ) Thermal plasma has advantages such as clean energy, good controllability, high power density and so on. Therefore, it has been applied to the steel industry such as heat source of molten steel in a tundish and secondary refining. For these processes, precise control of the plasma is requested for high efficiency and for high-quality products. Because the plasma is electrically conductive fluid, a magnetic field is one of the powerful tools to control its behavior under non-contact operation. Therefore, investigations to control the plasma using the magnetic field have been done. In this investigation, a DC transferred plasma arc behavior has been investigated under imposition of an alternating magnetic field of frequency range between 5 Hz and 2 000 Hz in which the magnetic field direction is perpendicular or parallel to the plasma arc current. The forces governing the plasma behavior is estimated by the simple calculation of forces acting the plasma. Under the imposition of the perpendicular magnetic field to the plasma arc current, a plasma oscillation width is constant when the magnetic field frequency is less than 50 Hz, while it decreases with increase in the magnetic field frequency if the frequency is larger than the 50 Hz. Under the imposition of the parallel magnetic field of 1 000 Hz to the plasma arc current, a burned area on a copper block by the plasma is smaller than that without the magnetic field while the burned area with the low frequency magnetic field less than 1 000 Hz is larger than that without the magnetic field.
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field generated by this coil is essentially perpendicular to the electric current flow of the DC plasma. Therefore plasma motion is induced by the interaction between the magnetic field and the electric current. The DC plasma motion excited by the Lorentz force is recorded by a high speed camera (30-1000 Frame per second) as shown in Fig.  2 . When we apply the parallel magnetic field, two turn coil with inner diameter of 50 mm is set at the 10 mm above the copper block. The other experimental conditions are the same with the perpendicular magnetic field experiment.
Plasma Behavior under a Low Frequency Perpendicular Magnetic Field
When the magnetic field frequency is 5 Hz, the plasma arc oscillates by the same frequency as the magnetic field. The plasma arc oscillation behavior is shown in Fig. 2 and Fig. 3 with the magnetic field wave form. The magnetic field wave form is almost rectangle in this experiment. In these figures the time relation between the plasma arc behavior and the magnetic field wave form is not measured but is estimated from the plasma arc behavior. As shown in Fig. 2 , the plasma arc changes quickly its position from right to left (①-⑥) when the magnetic field changes its direction. The traveling time of the plasma arc position in this experiment is 6 ms and this agrees roughly with the 2 ms for the magnetic field. The anode spot rapidly moves in random direction when the magnetic field is static condition as shown in Fig. 3 . When the magnetic field changes its direction again, the plasma anode spot changes its position too (⑧, ⑨ in Fig. 2 ). Fig. 4 when the magnetic field frequency is 200 Hz. The plasma oscillates by the same frequency as the magnetic field. The plasma is divided into three parts in the viewpoint of its behavior. In the vicinity of the plasma torch (region (c)), the plasma is almost motionless. The plasma in the regions (a) and (b) shows the periodical motion though the plasma motion in the region (a) delays compared with the motion in the region (b).
Plasma Behavior under a High Frequency Perpendicular Magnetic Field Plasma behavior is shown in
Analytical System of Force Balance
The analytical system of the plasma behavior is shown in 5 , in which plasma radius is R c , cathode spot radius is R k , electric current density at cathode spot is J c , cathode spot temperature is T c , plasma length is L, radius of plasma arc curvature is R, respectively. The forces acting on the plasma arc are corrective force F c , 13) deformation force caused by kink instability F d , 13) Lorentz force F L , and these are given by Eqs. (1), (2), (3) where l is wave length of disturbance, r is plasma density, u z is plasma arc jet velocity in z direction, S is cross section of plasma, V is plasma volume, respectively.
The plasma arc current, I is related with the maximum velocity of the plasma arc jet as the Eq. (4) while the relation between the plasma arc current, I and the current density at the cathode spot, J c is indicated by the Eq. where k is Boltzmann constant, f is work function, D is a constant, respectively. The three forces acting on the plasma arc are calculated as the function of the radius of the plasma arc curvature under the condition that the plasma radius is 3.5 mm and the cathode temperature is 4 000 K. The result is shown in Fig. 6 . The deformation force caused by the kink instability increases as the wave length of the disturbance increases. The maximum wave length of the disturbance in this experiment is 80 mm because the plasma length in this experiment is 40 mm. When the radius of the plasma curvature is larger than a few mm, the deformation force caused by the kink instability is smaller than the Lorentz force. Therefore, the corrective force is balanced with the Lorentz force in this experiment because the radius of the curvature in this experiment is larger than a few mm as shown in Figs. 2, 3 and 4.
Plasma Oscillation Width under Perpendicular
Magnetic Field Plasma oscillation width is quantitatively evaluated. In the case that the magnetic field frequency range is between 5 Hz and 400 Hz, the plasma oscillation width is defined as shown in Fig. 7(a) and is directly evaluated by the plasma motion recorded in the high speed camera. In the case that the frequency is 1 000 Hz or 2 000 Hz, it is impossible to record the periodical motion of the plasma behavior in the high speed camera because its maximum recording speed is 1 000 frame/s. Then, the difference between the largest plasma width under the imposition of the magnetic field, A max and the width just below the plasma torch, A 0 is defined as the plasma oscillation width, A x as shown in Fig.  7(b) . The measured plasma oscillation width is shown in Fig. 8 . The plasma oscillation width is almost the same value when the magnetic field frequency is equal to or less than 50 Hz. The plasma oscillation width decreases over the 50 Hz magnetic field. The empirical equation is expressed as follows. (8) where f is the magnetic field frequency.
Burned Area by Plasma
Burned area on the copper block is investigated under different magnetic field frequency. All of the burned areas are elliptical shape when the magnetic field direction is perpendicular to the plasma arc current. The length and width of the burned area, B L and B W are evaluated and shown in Fig. 9 . The burned length, B L decreases with increase in frequency. This is because the Lorentz force changes its direction by the same period as the magnetic field. The burned width, B W slightly increases with increase in the magnetic field frequency. This can be explained by that increase in the heat input per unit area on the copper block caused by decrease of the plasma motion expanded the burned width, B W . Both the values approach to 10 mm which is the size of the burned area without the magnetic field. That is, effect of the perpendicular magnetic field on burned reduces as the frequency increases.
Burned areas under the magnetic field parallel to the plasma arc current are round shape. The burned area diameter is indicated as a function of the magnetic field frequency in Fig. 10 . The diameter of the burned area is quantitatively evaluated from the measured data as following. (9) where y is the diameter of the burned area.
The burned area under the low frequency magnetic field is larger than that without the magnetic field while the burned area under the high frequency magnetic field becomes small compared with that without the magnetic field. The critical frequency is between 400 Hz and 1 000 Hz in this experimental condition. This is explained as follows. When the plasma moves perpendicular to the magnetic flux line, the Lorentz force induced by the interaction between the plasma motion and the magnetic field suppress the plasma motion. On the other hand, the magnetic flux line has curvature because it closes by itself. Then, perpendicular component of the magnetic field to the plasma arc current must exist and the Lorentz force induced by the interaction between this component and the plasma arc current moves itself. The latter phenomenon is effective under the low frequency magnetic field because the plasma is affected to the one direction during the half period of the magnetic field frequency. Therefore, when the magnetic field frequency is low, the latter effect is larger than the former effect and the burned area is larger than that without the magnetic field. On the contrary, when the magnetic field frequency is high the former effect is larger than the latter effect and the burned area is smaller than that without the magnetic field. And it can be said that a high frequency parallel magnetic field has a function to suppress the plasma arc random motion.
Conclusion
A DC transferred plasma arc behavior has been investigated under the imposition of an alternating magnetic field whose direction is perpendicular or parallel to the plasma arc current and the forces governing the plasma behavior are evaluated by the simple calculation of forces acting the plasma. The main results obtained in this investigation are as follows.
Under the perpendicular magnetic field to the plasma arc current Plasma arc oscillates periodically by the same frequency as the magnetic field Plasma behavior is governed by the Lorentz force and the corrective force Plasma oscillation width is constant when the magnetic field frequency is less than 50 Hz while it decreases with increase in the magnetic field frequency if the frequency is larger than the 50 Hz Under the parallel magnetic field to the plasma arc current
The burned area monotonically decreases with the magnetic field frequency.
It is smaller than that without the magnetic field and the critical frequency is between 400 Hz and 1 000 Hz in this experimental condition.
A high frequency parallel magnetic field has a function © 2007 ISIJ to suppress the plasma arc random motion.
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